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Red-to-Yellow Pressure-Induced Phase Transition in Pt(bpy)Cl,: Spectroscopic
Study Supported by DFT Calculations
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The combination of spectroscopic and computational meth-
ods has been employed to explore the origin of the lumines-
cence in the red and yellow forms of Pt(bpy)Cl,. The lumi-
nescence of the red (linear-chain) form of Pt(bpy)Cl, (bpy =
2,2'-bipyridine) has been measured as a function of hydro-
static pressure up to 65 kbar. The luminescence band maxi-
mum is redshifted (-147 cm~'kbar™'), and the intrachain Pt-
Pt distance decreases from 3.46 to 3.25 A between ambient

pressure and 17.7 kbar. Strong discontinuities in the optical
properties at 17.7 kbar were interpreted in terms of a crystal-
lographic phase transition from the red to a denser yellow
form of Pt(bpy)Cl,. First-principles calculations based on
density functional theory were used to study the red to yel-
low phase transformation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

There is a continuing interest in the photophysical and
chemical properties of Pt complexes. The electronic struc-
ture of square-planar Pt'" systems can be easily modified by
ligand variation. Moreover, crystal packing has a strong ef-
fect on the nature of the lowest electronic states of these d®
systems.[!l Optical spectroscopic studies are a particularly
valuable technique for investigation of excited-state struc-
tures.”l The anisotropic properties of the Pt'' complexes in
some solid-state structures indicate that stacking interac-
tions can be used to tune the spectroscopic properties.>!

Polymorphism in crystalline Pt(diimine) complexes is
rather common. One example is Pt(bpy)Cl, (bpy = 2,2'-
bipyridine), which has two types of stable crystal structures
at room temperature:l®! a yellow form containing (more or
less) isolated Pt(bpy)Cl, units and a red form in which there
is Pt---Pt stacking. As a result, the electronic structures and,
as a consequence, the optical spectroscopic properties are
different in the two cases. Miskowski et al. as well as Gray
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et al. have found that the origin of the emissions from the
yellow and red form are completely different even though
the maximum of the emission bands are roughly the same
at room temperature.['-% In the weakly luminescent yellow
form, the Pt complexes are spatially well separated from
each other (the Pt—Pt distance is 4.44 A), but in the strongly
emitting red form the square-planar Pt(bpy)Cl, units stack
to form an approximately linear Pt-Pt chain with a metal—
metal spacing of 3.45 A.[7l Previous investigations on Pt"!
linear-chain systems have shown that their electronic ab-
sorption and luminescence properties strongly depend on
the intra-chain metal-metal separation.[*! Thus, modifica-
tions of the Pt-Pt distance induced by decreasing from
room temperature (RT) to 20 K give rise to shifts of the
luminescence band maximum of about 970 cm™! corre-
sponding to an estimated reduction of the Pt-Pt distance
by 0.08 A.I"! However, the contribution of intrinsic and ex-
trinsic temperature contributions to the emission band can
be tricky to distinguish. The application of high pressure
represents an extraordinary tool®® that allows us to reduce
the Pt-Pt distance in a continuous way. In this paper we
will correlate the crystal and electronic structures by means
of absorption and emission spectroscopy as well as density
functional theory (DFT) calculations.

Results and Discussion

In Figure 1 the RT luminescence spectra of Pt(bpy)Cl, at
ambient pressure, 4.7, 12.1, 17.7, and 38.0 kbar (from bot-
tom to top) after excitation at 22260 cm ! are shown.
Within the square-planar symmetry the ambient-pressure
luminescence band is assigned to the m*(bpy) — do*(Pt)
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luminescence transition (Figure 1).[71 The excitation spec-
trum at 16535 cm™! under the same conditions has also
been obtained. The low-energy band responsible for the
absorption edge was assigned to the do*(Pt) — m* (bpy)
transition.”) The required small crystal size precluded the
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Figure 1. Room-temperature pressure dependence of the lumines-
cence spectra of the red form of Pt(bpy)Cl,.
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Figure 2. (a) Energy of the luminescence band maximum of the red
form as a function of pressure; full circles correspond to increasing-
pressure experiments and open circles to release-pressure experi-
ments. (b) Energy of the excitation edge of the red form as a func-
tion of pressure; full circles correspond to increasing-pressure ex-
periments and open circles to release-pressure experiments.
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measurement of a high-quality optical absorption spectrum
even under ambient-pressure conditions.

Figure 2 displays the pressure dependence of the emis-
sion-band maximum (a) as well as the absorption-edge en-
ergy in the excitation spectra (b) at RT. A shift to lower
energies of the emission-band maximum and absorption
edge is observed upon increasing the pressure from 1 bar
to 17.7 kbar. At pressures higher than 17.7 kbar an abrupt
blueshift is detected. Above this pressure a significant
luminescence intensity decrease is observed. Moreover, the
emission band broadens and the shape of the excitation
spectrum alters. A change of the crystal color from orange
to yellowish is observable when applying pressures larger
than 17.7 kbar. Up to this pressure, the emission shift rate
is 147 cm 'kbar!. A similar pressure-dependent redshift
of —99 cm 'kbar™! was observed for crystalline [Pt(SCN),-
{p-(SCN)Mn(NCS)(bipy),}-].1'% Above 20 kbar the energy-
band maximum is redshifted with a rate of —27 cm™!kbar™!
(Figure 2a). The solid lines are linear regression fits to the
experimental data. Similar pressure behavior is observed for
the absorption-edge energy in the excitation spectra (Fig-
ure 2b).

Crystal and Electronic Structures of the Red and Yellow
Forms at Ambient Pressure

The red form of Pt(bpy)Cl, crystallizes in the Cmcm or-
thorhombic space group where the units exhibit a parallel
linear chain structure along the ¢ axis.l”! The space between
adjacent complexes within the chain is 3.45 A. To avoid li-
gand interaction the neighboring complexes are alterna-
tively rotated by 180° within the chain (Figure 3). More-
over, the Pt!! atoms are somewhat displaced with respect to
the ¢ axis in a slight zigzag structure (ca. 161°). Angles and
distances within the Pt(bpy)Cl, complex in the red form are
similar to those in the yellow form, indicating that interac-
tion between complexes in the red form does not perturb
the molecular structure (Figure 4). In the yellow form, the
distance between Pt nearest neighbors is 4.44 A1l In
Table 1 we compare the experimental angles and distances
in the yellow and red forms with those obtained after geo-
metric optimization calculations. The large Pt-Pt distance
in the yellow form clearly indicates the absence of any
metal-metal interactions, allowing us to consider the mo-
lecular units as isolated monomers.

The symmetry of the Pt(bpy)Cl, complex is C,,. A mo-
lecular orbital diagram of an isolated complex of this type
is shown in Figure 5a. The interaction between complexes
along the z-axis induces substantial changes in the elec-
tronic structure (see Figure 5). Within a dimer model, the
d.. orbital is strongly destabilized. The overlap of the d..
orbitals of adjacent Pt! atoms leads to bonding do and
antibonding do* orbitals both of which are fully occupied
(Figure 5b).M

Below a critical Pt—Pt distance, the highest occupied mo-
lecular orbital (HOMO) is do*. Thus, the room-tempera-
ture luminescence of the red form of Pt(bpy)Cl, originates
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Figure 3. Perspective drawing of the dimer structure of Pt(bpy)Cl.

Figure 4. Geometry of the Pt(bpy)Cl, monomer as obtained
through B3LYP/lanl2dz (top numbers) and LDA/tzp (bottom, italic
numbers). Distances are given in A and angles in °.

Table 1. Comparison between the available experimental geometry
information on the yellow and red forms of Pt(bpy)Cl, and the
calculations presented in this paper. Distances are given in A and
angles in °.

Parameter Monomer Monomer Monomer Yellow Red
B3LYP BLYP LDA forml®! form[?”]
Pt-Cl 2.387 2.347 2.268 2.281-2.300  2.306
Pt-N 2.038 2.050 1.977 2.006-2.011  2.001
C>-C° 1.472 1.469 1.443 1.462 1.51
CI'-Pt—CP? 90.7 90.2 90.3 89.1 88
CI'-Pt-N! 94.5 95.1 94.5 94.3-96 96
CI>-Pt-N! 174.8 174.7 175.2 174.7-175.9 184
N'-Pt-N? 80.3 79.6 80.7 - 80

from a SMLCT state and is associated with the n*(bpy) —
do*(Pt) charge-transfer transition, i.e. the LUMO 7* or-
bital is mainly centered on the bipyridine ligand. This is in
contrast to the tetracyanidoplatinates, where the lumines-
cence is due to a po*(Pt) — do*(Pt) transition.[!?]

Under ambient-pressure conditions the luminescence of
the red form of Pt(bpy)Cl, consists of an asymmetric band
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Figure 5. (a) Diagram of the frontier orbitals of the Pt(bpy)Cl,
monomer and scheme showing the axis set chosen in the calcula-
tion. (b) Simplified energy-level scheme for the dimer model of
Pt(bpy)Cl,.

at 16535 cm™! associated with the n*(bpy) — do*(Pt) tran-
sition (Figure 1). The excitation spectrum of the 16535 cm™!
luminescence is characterized by an excitation edge and a
set of overlapping bands. It is similar to the polarized ab-
sorption spectrum of the red form of Pt(bpy)Cl, with
E_Lc.’! The temperature dependence of the emission spec-
trum of the red form showed a shift to lower energies. The
observed behavior is due to the reduction of the Pt—Pt dis-
tance within the chain, which induces an increase in the
splitting between do and do* orbitals and a reduction of
the HOMO-LUMO energy gap. Gray et al. carried out
temperature-dependent X-ray diffraction and luminescence
experiments on the red form of Pt(bpy)Cl,.l"" With decreas-
ing temperature, the compound contracts anisotropically,
the Pt—Pt separation decreases to 3.37 A at 20 K, and this
is accompanied by a —970 cm™! redshift of the emission-
band maximum. This result reveals the following relation
between the luminescence maximum v,,,, and the Pt-Pt dis-
tance R (Vyax and R are in units of cm ' and A, respec-
tively) [Equation (1)].[7]

Vinax = 29500 — 5.4 X 10°R 3 0

Considering that the implicit temperature term is negligi-
ble, it is possible to use this equation to calculate the pres-
sure-dependent distance reduction.

High-Pressure Measurements and DFT Calculations

Recently, we have explored the role of the intermolecular
stacking interaction by tuning the spectroscopic properties
of the linear Pt—Pt chains as a function of hydrostatic pres-
sure.'31 In view of the lack of experimental high-pressure
crystal structures, we assume the validity of Equation (1)
for evaluating the Pt-Pt distance reduction upon pressure
in the red form. Under this assumption we estimate that the
5737
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Pt-Pt distance decreases from 3.46 A at ambient pressure to
3.25 A at 17.7 kbar. Our calculations suggest that pressure
destabilizes the do* HOMO, but the bpy n* LUMO energy
is only weakly pressure-dependent (Figure 6). Experimen-
tally, as pressure is increased above 17.7 kbar, abrupt blue-
shifts of 2500 cm™' and 2880 cm ™! in the luminescence and
excitation spectra (Figures 1 and 2) are observed. Our re-
sults indicated that this phase transition is likely due to the
conversion of the red modification of Pt(bpy)Cl, to a high-
pressure denser yellow form (HPYF), not necessarily the
same yellow form observed at ambient pressure (APYF).
There is no crystallographic data available for this new yel-
low form. Phase transitions induced by pressure have been
reported previously for several Pt(CN),> systems.! Some
tetracyanidoplatinates exhibit similarly strong emission dis-
continuities due to first-order phase transitions that occur
upon cooling to cryogenic temperatures.! Red Pt(bpy)Cl,
does not undergo any phase transition even when cooled to
20 K. Since the emission intensity of the APYF is much
weaker than that of the red form, it has been proposed that
APYF is a 3LF emitter.l) The same argument could reason-
ably be applied for the HPYF, whose emission is also much
weaker than that of the red form. Because of the similarity
of the HPYF and APYF emissions and the densities of the
red form and the APYF (2.56 and 2.65 gcm 3, respectively),
it could be thought that HPYF and APYF are the same
phase. The emission maxima of Pt'! 3LF states exhibit com-
paratively weak pressure dependences, with typical shift
rates in the order of 10-40 cm ! kbar'.l'41 From our system,
we find a shift rate of dvp,,/dP = —27 cm 'kbar! (Fig-
ure 2a), and a high-pressure emission bandwidth (FWHM)
of 3065 cm™!, close to the value of 4030 cm ™! found for the
emission bandwidth in yellow Pt(bpy)Cl, at 250 K at ambi-
ent pressure.l’! A somewhat narrower luminescence band-
width at elevated pressures is to be expected, owing to di-
minished relative distortions of the emissive and ground
states.>!3] The same effect accounts for the narrower band-
width associated with the 12 kbar luminescence of red

Pt(bpy)Cl, (Figure 1c) relative to that observed in the
ambient-pressure spectrum (Figure 1a). Finally, the order-
of-magnitude decrease in luminescence intensity ac-
companying the phase transition at 17.7 kbar is also consis-
tent with a change from red to yellow Pt(bpy)Cl,, i.e. a
change from charge transfer to ligand-field luminescence
transitions. The room-temperature ambient pressure lumi-
nescence quantum yields of microcrystalline samples of
these two compounds are known to differ by more than an
order of magnitude.l! Pressure-dependent excitation spectra
confirm our interpretation of the crystallographic phase
transition at 17.7 kbar: between 12 and 23 kbar the absorp-
tion edge shifts discontinuously from 15000 to 20325 cm™!
(Figure 2b).

The character and reversibility of the phase transition
was highlighted by the luminescence spectra as well as the
excitation spectra recorded upon increasing and releasing
pressure. Figure 2 shows that upon pressure release, the yel-
low-to-red phase transformation only occurs at 11.0 kbar.
Therefore, there is a hysteresis in the luminescence proper-
ties of Pt(bpy)Cl, of about 8 kbar. The presence of this hys-
teresis indicates that HPYF and APYF are different phases.
In the 11.0-17.7 kbar range, depending on the pressure his-
tory, the luminescence originates in the SMLCT or in the
3LF state.

In our calculations, the long Pt-Pt distance and the simi-
larities in geometry between the Pt(bpy)Cl, monomer units
in the two modifications allow us to simulate the yellow
form using a single in-vacuo monomer, while the red form
is obtained by stacking two (dimer) or three (trimer)
Pt(bpy)Cl, units. In this model, the effect of applying hy-
drostatic pressure is simulated by varying the Pt-Pt distance
R.

The monomer geometry was first optimized at the
B3LYP/lanl2dz level imposing C,, symmetry. The result of
this calculation is summarized in Figure 4 (plain numbers),
and a comparison with available experimental datal'!l is
shown in Table 1. The agreement between them is very good
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Figure 6. Variation of selected orbital energies of the Pt(bpy)Cl, dimer with the interlayer distance. Labels corresponding to the orbitals
in the yellow and red form are shown on the right and left part of the plot, respectively. The antibonding do* orbital becomes the HOMO
for R values smaller than 3.6 A after crossing with a(yz), which corresponds to the HOMO in the monomer (yellow phase), reducing

the HOMO-LUMO gap as R is decreased.
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with the exception of the Pt—Cl distance which is 0.08 A
longer in the calculations. A second optimization was car-
ried out at the LDA/tzp level (italic numbers in Figure 4).
In this case the Pt—Cl distance is in better agreement with
experimental findings (see Table 1). In order to find the
source of this error in the calculation we performed an
LDA/lan2dz optimization that resulted in an overestimation
of the Pt—Cl distance. Thus, we conclude that the longer
distances found in these calculations are due to the basis
set, possibly because the core—core interactions between the
pseudopotentials found in the lanl2dz basis set are overesti-
mated. This argument is supported by a BLYP/tzp level cal-
culation (with exactly the same basis set as LDA/tzp). This
resulted in a monomer geometry (Table 1) that is very close
to the one calculated with LDA/tzp. As the agreement be-
tween the LDA/tzp geometries with those of the experi-
ments is good (see Table 1), we use this geometry through-
out this section to represent the monomer.

The symmetry, spacing, and character of the most im-
portant orbitals of Pt(bpy)Cl, as calculated in LDA are
shown in Table 2 and Figure 5a, similar results were found
when using B3LYP and BLYP.

Table 2. Energy and character of the most important orbitals of
the Pt(bpy)Cl, monomer as obtained in LDA/tzp.

Orbital Energy Orbital character [%0]
[em™] Pt Cl bpy
Unoccupied
by(xy) 20810 46 34 20
a) 20485 2 0 98
2b, 18550 2 0 98
1b, 12420 4 0 96
Occupied
a(yz) 0 27 70 3
by(xz) -1050 31 64 5
a;(x>?) 2660 34 65 1
b, -3950 2 95 3
a;(z2) —-4030 84 12 4

According to Figure 5 and Table 2, the three occupied
orbitals with highest energy, a,(yz), by(xz), and a;(x>—?),
have a strong Cl(p,) character with very significant Pt(d)
hybridization. The electrons in the lowest frontier orbital,
a;(z?), lie almost completely on the Pt ion and are perpen-
dicular to the plane of the molecule. The LUMO and the
next two orbitals above it are localized on the bpy ligand
and have a strong n* character. The first unoccupied orbital
mainly belonging to the PtCl, unit is by(xy) which lies
20810 cm™! above the HOMO. These findings are similar to
those reported for Pt(bpym)Cl,.l'!

We have used the TD-B3LYP/lanl2dz method to calcu-
late the low-lying excited states of the monomer. They are
presented in Table 3 along with the estimation of the same
transition energies by the ASCF method in LDA and BLYP.
The reliability of these results is supported by the close
agreement between the three different calculation methods.
The energy of the most intense singlet-singlet transition,
21615 cm™!, compares well with the position of the first

Eur. J. Inorg. Chem. 2007, 5735-5742
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peak in the absorption spectrum of the yellow form'”! lying
at ca. 21000 cm™!. This transition does not correspond to
the HOMO-LUMO one, but it also has a strong dn — 7*
character. The second most intense peak, b(xz) — 2b;(n*),
a,(yz) — an(m*), is located at energies where the experimen-
tal spectrum presents another band. The emission spectrum
of the yellow form is almost undetectable at RT.! For this
reason and based on semiempirical extended Hiickel calcu-
lations,'® Miskowski et al.l'”! proposed that the emission
in the yellow form is due to a d-d 3LF transition.[’) In order
to check this hypothesis we have performed a geometry op-
timization for the !B, state [with the promoted electron in
the b,(xy) orbital] and for the 'B, and 'A; states [with the
promoted electron in the n*(bpy) orbital]. Results of these
calculations are presented in Table 4. In the !B state the
Pt-ligand distances increase very significantly with respect
to those in the ground state: about 0.20 A for Pt-N and
0.06 A for Pt-Cl (Table 4). The ligand-Pt-ligand angles
also change strongly. This fact leads to a large Stokes shift:
the absorption dn(Pt) — by(xy) is at 22985 cm™!, and the
emission by(xy) — dn(Pt) is at 18145 cm™! (in the LDA cal-
culations). In the case of 'B, and 'A; states, Pt-ligand dis-
tances and ligand—Pt-ligand angles hardly vary with respect
to the ground state. However, an important reorganization
takes place within bpy: the two pyridine rings approach
each other; i.e. the C°~C® distance is reduced by 5 pm. In
the case of the !B, excited state, this change in the bpy
ligand produces an important Stokes shift, from 15890 cm™!
in absorption to 14680 cm™' in emission. Since the calcu-
lated energy of the relaxed !B, state is lower than the energy
of 'B,, in-vacuo single molecule DFT calculations predict
that emission occurs from the first ('B,) state, in contrast
to the experimental assignment by Miskowski et al. (in solu-
tion). In principle, the n*(bpy) — dn(Pt) transition should
have an emission intensity of the same order of magnitude
as in the red form, because both seem to be predominantly
SMLCT. However, our theoretical calculations suggested
that dn(Pt) orbitals have a larger Cl(2p) character than
Pt(d) ones (Table 1). In conclusion, the emission transition
experimentally attributed to a w*(bpy) — dn(Pt) transi-
tionl® is likely to have mixed metal-to-ligand charge-
transfer character with an important halide-ligand contri-
bution.!'® This may well be the reason for its low intensity
when compared to the red form where the HOMO is mostly
a Pt(z?) orbital. Other experimental findings, like the lack
of vibronic structure and large bandwidths, are also consis-
tent with the variation of geometry of the !B, excited state
when compared to the ground state and provide further
support for the assignment given here. A similar conclusion
to the one reached here was presented in ref.'®! where this
transition was assigned to a halide-to-ligand charge-
transfer (XLCT). In that work the effect of solvents in the
simulation was also checked, and it was found that the cal-
culations reproduced well the experimental trends.

In the red form, the overlap between the z? orbitals on
adjacent Pt atoms destabilized the do* dimer level. Accord-
ing to our calculations, the emission in the red form unam-
biguously comes from the n*(bpy) — c*(z2, Pt) transition
5739
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Table 3. Description of some selected excited states of the Pt(bpy)-
Cl, monomer as calculated by TD-B3LYP. Comparison with the
energies obtained in LDA and BLYP by the ASCF method and
absorption experiment. All energies are given in cm™!.

State Main character ~ TD-B3LYP/lanl2dz BLYP LDA  Exp.'7
AE Osc. str. AE AE
1B, a)(yz)— Iby(bpy) 17340  0.0004 16370 17100 ca. 19030
1A, by(xz)— lby(bpy) 21615 00057 17825 18790 ca. 20970
A, by(xz)— 2by(bpy) 26695  0.0017 25245 26290 ca. 25000
ay(yz) — a(bpy)
B, a)yz)—bo(xy) 28790  0.0000 22015 27100 -

(Figure 5b), which has a clear SMLCT nature, and therefore
is very intense (see below).

We have simulated the red form of Pt(bpy)Cl, by stack-
ing two and three monomers on top of each other. As in
the case of the monomer, the LUMO in these molecules
has bpy(rn*) character (Figure 6). However, the HOMO is
strongly localized on the Pt atom and has z? character. Cal-
culating the HOMO-LUMO transition for the dimer and
trimer using the experimental separation between Pt ions
leads to 18630 and 15240 cm ™! energy gaps. A similar be-
havior is observed in experiments where the red-form emis-
sion energy is lowered when pressure is applied.

In order to understand the changes between the dimer
(red phase) and the monomer (yellow phase) we have plot-
ted in Figure 6 the energies of some selected orbitals of the
dimer as a function of interlayer distance R. The energies
of the monomer HOMO, a,(xy), and LUMO are quite in-
sensitive to the application of pressure. Moreover, the
LUMO is the same for the monomer and the dimer. How-
ever, the energy of the dimer orbitals, which at long distance
become the monomer a;(z?) ones, are strongly split in a
bonding (do) and antibonding pair (do*) when R is re-
duced. A reduction of the Pt—Pt distance increases the z>
interaction destabilizing the do* dimer level. In fact, the
do* orbital becomes the HOMO for R values smaller than
3.6 A, i.e. do* must be the HOMO in the red form. From
that point onwards the Pt-Pt distance decrease is ac-
companied by a continuous reduction of the HOMO-
LUMO gap that explains the shift of the emission to lower

energies of the red form when compared with the yellow
one. We have calculated the rate at which the HOMO-
LUMO transition energy in the dimer changes when R
is varied around R = 3.45A by the ASCF method and
obtained dEy ;/dR = 7900 cm ' A!. Taking into account
the value of the experimental linear compressibility,
Ze = 3.4X103kbar I3 we estimate a redshift of
93 cm 'kbar! for the emission upon pressure. This value
compares reasonably well with the experimental value of
~147 cm'kbar™! considering the limitations of our models.
Because the arrangement of the monomers in HPYF is un-
known, it has not been possible to study the pressure depen-
dence of the luminescence for this phase.

In Figure 7 the variation of the total energy of the dimer
and trimer with the Pt—Pt separation in LDA calculation is
represented. In the dimer, this curve presents a minimum at
R = 3.28 A, which is reasonably close to the experimental
R, value of 3.45 A. When three instead of two Pt(bpy)Cl,
units are used, the optimum interlayer separation is slightly
shifted to 3.38 A, significantly closer to the experimental
value. From Figure 7 we learn that the inter-monomer po-
tential is very anharmonic indicating that if the dimer is
compressed enough, electrostatic repulsion becomes the
dominant effect and a geometry with two independent,
noninteracting Pt(bpy)Cl, molecules will be favored.
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Figure 7. Total energy of the ground state of the Pt(bpy)Cl, dimer
(circles) and trimer (squares) at the LDA/tzp level when the inter-
layer distance is varied.

Table 4. Description of the changes in the geometry of 'A,, 'B,, and 'B; with respect to the ground state for the same parameters as in

Table 1. Positive values indicate an increase of the distances or angles with respect to the ground state. Distances are given in

and

angles in °. Energies obtained in LDA and BLYP calculations by the ASCF method for the emission and the corresponding Stokes shift

are also shown. All energies are given in cm™'.

Parameter 'A[1b,(bpy) — by(x2)] 'By[1b,(bpy) — ax(y2)] 'By[ba(x*?) — ax(yz)]
Monomer Monomer Monomer Monomer Monomer Monomer

BLYP LDA BLYP LDA BLYP LDA

Pt-Cl -0.005 —0.003 -0.012 -0.012 0.069 0.063

Pt-N -0.002 0.004 —-0.006 0.002 0.227 0.180

C5-C° -0.042 -0.035 -0.059 —0.049 0.016 0.014
ClI'-Pt—CI? -1.9 -1.9 -0.5 -0.6 8.7 7.0
CI'-Pt-N! 0.5 0.4 -0.3 -0.2 -0.7 -0.5
CI>-Pt-N! 1.5 1.5 0.8 0.8 -8.0 -6.5
N'-Pt-N? 1.0 1.1 . 1.0 -7.3 -6.0

Emission 16050 17180 13630 14680 12740 18145

Absorption 16935 17985 15000 15890 17660 22985
Stokes shift 885 805 1370 1210 4920 4840
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Conclusions

We present a theoretical interpretation of the red-to-yel-
low phase transition experimentally observed in Pt(bpy)Cl,
microcrystals at high pressures. Our theoretical models are
based on isolated Pt(bpy)Cl, units (to simulate the yellow
form) and dimer and trimer units of this complex to simu-
late the stacked, linear-chain red form. DFT calculations
allow us to analyze the differences between red and yellow
phases observed experimentally in terms of the Pt-Pt dis-
tance. The appearance of hysteresis in the optical properties
most probably indicates that the new yellow phase observed
at high pressure and the ambient-pressure yellow phase are
distinct phases. The calculations suggest that the high-pres-
sure luminescence corresponding to the high-pressure yel-
low phase is a halide-ligand transition instead of a ligand-
field transition. This is a clear example where a synergy
between experimental and theoretical work is essential for
understanding high-pressure effects.

Experimental Section and Computational Details

Synthetic Procedure: Pt(bpy)Cl, samples of the yellow form were
prepared as described in refs.[!3-17-20]

Spectroscopic Measurements: Hydrostatic-pressure experiments
were carried out in a diamond-anvil cell (High Pressure Diamond
Optics, Inc.) using spectroscopic paraffin as the pressure-transmit-
ting medium. Excitation and luminescence spectra were performed
with a Jobin—Yvon FluoroMax-2 fluorometer with a microscope
attached. An optic fiber guided the emission light to the fluorome-
ter detection system. All the spectra were corrected for instrumen-
tal response. A pre-indented aluminum gasket with a 300-um
diameter hole (machined with a Natjet microdrill) was used. The
applied pressure was measured through the redshift luminescence
of the ruby R-lines. Ruby luminescence was excited with the 407 nm
line of a Kr* laser (Coherent CR-500K) and dispersed by a Jobin—
Yvon U1000 double-monochromator.

DFT Studies: The geometry of the electronic ground state of a sin-
gle Pt(bpy)Cl, unit has been obtained using DFT calculations
through the semiempirical hybrid functional B3LYP?!22 and the
LANL2DZ basis set which includes pseudopotentials to represent
the core electrons. Time-dependent DFT (TDDFT) was later used
to explore the position and character of several excited states at
this level of theory. All these calculations were constrained to keep
C,, symmetry. The Gaussian 981231 program suite was employed. As
a complement to the previous calculations the geometry of a
Pt(bpy)Cl, molecule and the electronic structure of the monomer,
dimer, and trimer for different values of the Pt-Pt distance and Pt—
Pt-Pt angle were also calculated using the ADF package.**! Two
types of calculations were performed: (a) Using the local density
approximation (LDA) within the VWN parameterization of the
electron correlation! and (b) using the generalized gradient
approximation (GGA) exchange-correlation through the Beckel*!!
functional for exchange and Lee-Yang-Parr>” functional for cor-
relation (BLYP). In both cases relativistic effects have been taken
into account through the Zeroth-Order Regular Approximation
(ZORA),?1 which includes the Darwin and mass-velocity terms,
but not the spin-orbit interaction. All atoms were described
through basis sets of TZP quality (triple-{ STO plus-one polariza-
tion function) given in the program data base and taking into ac-
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count all electrons (without any frozen-core or pseudopotential
approximations). Electronic transition calculations at this level of
theory were performed with the ASCF method. In the case of ab-
sorption spectra the ASCF method consists of a geometry optimi-
zation for the ground state, yielding the corresponding E; energy.
At the same geometry the electronic configuration of an excited
state is imposed, and the SCF procedure is performed again, to
obtain the corresponding E, energy. The energy difference, E, — E|,
is taken as the electronic transition energy. For the emission spectra
the procedure is similar, but in this case the geometry optimization
is performed imposing the electronic configuration of the excited
state, and the energy of the ground state is then calculated at that
geometry.
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